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We performed 185/187Re nuclear quadrupole resonance (NQR) measurements under pressure to investi-
gate the superconducting properties of noncentrosymmetric superconductor Cd2Re2O7 under various crys-
tal structures. The pressure dependence of superconducting transition temperature Tc determined through
ac susceptibility measurements is consistent with the results of previous resistivity measurements [T. C.
Kobayashi etal., J. Phys. Soc. Jpn. 80, 023715 (2011).]. Below 2.2 GPa, in the nuclear spin-lattice relaxation
rate 1/T1, a clear coherence peak was observed just below Tc, indicating conventional s-wave superconduc-
tivity. In contrast, the coherence peak disappears at 3.1 GPa, suggesting a change in superconducting
symmetry to the p-wave dominant state against pressure.
Superconductivity without inversion symmetry in the
crystal structure has attracted considerable attention
as the absence of inversion symmetry can mix spin-
singlet and triplet superconductivity, and it generates
an unconventional superconducting(SC) state owing to
a strong spin-orbit coupling.1) In spin-singlet and triplet
mixed state, the large upper critical field Hc2 owing to
the absence of Pauli-limiting field, and unusual vortex
states such as a helical vortex state are expected.2) Al-
though such unconventional SC state has been discussed
in CePt3Si,
3) CeMSi3 (M = Rh and Ir),
4, 5) UIr,6) and
Li2Pt3B,
7) the relationship between the noncentrosym-
metric crystal structure and the SC state is still unclear.
To investigate such a relationship, a pyrochlore oxide
Cd2Re2O7 is a suitable material. Cd2Re2O7 has a cubic
structure with space group Fd3¯m (No. 227 O7h) at room
temperature. Upon cooling, Cd2Re2O7 shows two struc-
tural phase transitions at Ts1 ∼ 200 K (cubic Fd3¯m →
tetragonal I 4¯m2) and Ts2 ∼ 120 K (tetragonal I 4¯m2
→ tetragonal I4122), and shows superconductivity be-
low SC transition temperature Tc ∼ 1.0 K at ambient
pressure.8–11) As the low-temperature tetragonal phase
lacks inversion symmetry in the crystal structure and a
spin-orbit coupling should be strong in such a 5d band
metal, unconventional superconductivity was expected in
Cd2Re2O7. However, the SC symmetry of Cd2Re2O7 at
ambient pressure is considered to be a conventional s-
wave based on the experimental results of heat capac-
ity,10, 12) 187Re nuclear quadrupole resonance (NQR),13)
111Cd nuclear magnetic resonance (NMR),14) µSR15, 16)
and point-contact spectroscopy.17) In contrast, the SC
properties drastically varied when pressure was applied.
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At 4.0 and 4.5 GPa, Tc increases to 2.5 K and Hc2 in-
creases by ∼ 30 times than that at ambient pressure,
which exceeds the Pauli-limiting field.18) Such a large
Hc2 appears to be a hallmark of spin-triplet dominant
superconductivity. In addition, the presence of various
structural phases was found experimentally in Cd2Re2O7
under pressure as shown in Fig. 1. High-pressure X-ray
diffraction measurements revealed that phases I, V, and
VIII possess inversion symmetry in the crystal structure,
and thus, the critical pressure of inversion symmetry
breaking order is located at 4.2 GPa.19) These results
indicate a close relationship between the inversion sym-
metry breaking and the enhancement of Hc2.
Recently, theoretical validation was achieved for such
a close relationship.20–22) According to these theories,
a metal with inversion symmetry and strong spin-orbit
coupling has a certain Fermi liquid instability that causes
inversion symmetry breaking order and the pairing inter-
action of spin-triplet p-wave superconductivity becomes
dominant near the quantum critical point of the in-
version symmetry breaking order. They suggested that
Cd2Re2O7 is a suitable target to study the proposed in-
triguing physics because Cd2Re2O7 is a unique material
that loses inversion symmetry via the structural phase
transition. Therefore, owing to lack of existing research,
investigating the SC properties of Cd2Re2O7 under pres-
sure is important.
Herein, we have performed 185/187Re NQR measure-
ments to investigate the SC symmetry of Cd2Re2O7 un-
der pressure. We also measured the pressure dependence
of Tc determined via ac susceptibility measurements us-
ing an NQR coil, which reproduces the results of pre-
vious resistivity measurements.18) NQR spectra broaden
with increasing pressure probably because of the inho-
mogeneous crystal structure, and they were not observed
above 3.9 GPa. In phase III, a clear coherence peak was
observed just below Tc, indicating conventional s-wave
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Fig. 1. (Color online) P–T phase diagram of Cd2Re2O7.11, 18)
Transition temperatures were determined through thermopower
and resistivity measurements. The star symbols represent super-
conducting (SC) transition determined by our ac susceptibility us-
ing a nuclear quadrupole resonance (NQR) coil. All the lines are
visual guides to show possible phase boundaries. Roman numerals
indicate each phase.
superconductivity similar to the result at ambient pres-
sure. In contrast, a coherence peak disappears at 3.1 GPa
(phase IV), indicating that the SC properties are changed
owing to a parity mixing.
High-quality single crystals of Cd2Re2O7 were grown
via the chemical transport method, the details of which
will be reported elsewhere.23) Single-crystal samples were
coarsely ground into a powder to obtain NQR signals
with stronger intensity and avoid Joule-heating by radio
frequency (RF) pulse for NQR measurements. Tc was de-
termined through ac susceptibility measurements using
an NQR coil. The pressure was generated in an opposed-
anvil high-pressure cell designed by K. Kitagawa et al.24)
with Daphne 7575 as the pressure medium. The applied
pressure P was determined from Tc of the lead manome-
ter using the relation of P (GPa) = [Tc(0) − Tc(P )]
(K)/0.364(K/GPa).25, 26) A conventional spin-echo tech-
nique was used for NQR measurements. 185/187Re NQR
spectra were obtained as a function of frequency under
zero field. The properties of two isotopes of Re are sum-
marized in Table I. A nuclear spin-lattice relaxation rate
1/T1 was determined by fitting the time variation of the
spin-echo intensity after the saturation of the nuclear
magnetization to a theoretical function for I = 5/2.
First, we checked the pressure dependence of Tc in our
samples. Figure 2 shows the temperature dependence of
ac susceptibility at zero fields under different pressure. Tc
was determined by the onset of the diamagnetic signal
and is indicated by arrows. Tc increases up to 2.2 GPa
and suddenly decreases upon entry into phase IV. Our
results are quite consistent with previous resistivity mea-
surements as shown in Fig. 1.18) At 3.1 GPa, SC transi-
tion was broader than that at low pressures and double
transition was observed at 3.9 GPa. As sharp SC transi-
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Fig. 2. (Color online) Temperature dependence of ac suscepti-
bility at zero field under different pressure. To avoid overlapping
data, the offset value is added. The arrows indicate Tc determined
by the onset of the diamagnetic signal.
tion was observed at 4.7 GPa, this broad or double SC
transition does not have an extrinsic origin such as pres-
sure inhomogeneity; rather, it originates from an intrinsic
effect. The double SC transition seems to be the evidence
that phase VII is the mixtures of phase IV and VIII as
discussed in Ref.11.
In addition to the peculiar pressure dependence of Tc
at zero fields, Hc2 enhancement at 4.7 GPa was repro-
duced through ac susceptibility measurements. Figure 3
(a) shows the temperature dependence of ac suscepti-
bility at 4.7 GPa in different magnetic fields. Tcs deter-
mined by the kink of ac susceptibility are plotted against
the magnetic field as shown in Fig. 3 (b). Because ac
susceptibility shows two kinks, we defined Tc1 and Tc2
as a kink at low and high temperatures, respectively.
Tc1 exhibits almost the same magnetic field dependence
as that determined through resistivity measurements at
4.5 GPa.18) Notably, µ0Hc2 ∼ 6 T exceeds the ordinary
Pauli-limiting field µ0HP ∼ 1.84Tc ∼ 4 T, indicating
an unconventional SC pairing state. The high Tc (Hc2)
might originate from the surface region because of the
small shielding fraction and broad SC transition.
Next, we show 185/187Re NQR results. Figure 4 shows
185/187Re NQR spectra of ±3/2 ↔ ±5/2 transition at
Table I. Data of Re isotopes; the nuclear gyromagnetic ratio:
γn; the nuclear quadrupolar moment: Q; natural abundance: N.A.;
and the nuclear spin: I.
γn/2pi(MHz/T) Q(10
−24cm2 ) N.A.(%) I
185Re 9.5901 +2.18 37.5 5/2
187Re 9.6868 +2.07 62.5 5/2
2
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Fig. 3. (Color online) (a) Temperature dependence of ac sus-
ceptibility at 4.7 GPa in different magnetic fields. Tcs were de-
termined by the intersection of two extrapolated lines. The black
solid and grey dotted arrows represent Tc1 and Tc2,respectively.
(b) H–T phase diagram of Cd2Re2O7 at 4.7 GPa. In addition, Tc
determined via resistivity measurements at 4.5 GPa is plotted.18)
Dashed lines are intended for visual guidance.
several pressure values in Cd2Re2O7. The NQR spec-
tra were measured just above Tc. At ambient pressure,
two sharp peaks were observed at 78.2 and 82.6 MHz,
which are consistent with those reported in previous
works.13, 27) The NQR peak frequency νNQR decreases
and the linewidth broadens with increasing pressure in
Phase III. The decrease in νNQR indicates the suppres-
sion of a structural order parameter, as νNQR usually
increases by applying pressure. These results are also
consistent with those of previous reports.27) The pres-
sure dependence of 185/187νNQR is similar to that in the
previous report as shown in the inset of Fig. 4. Although
185/187Re NQR spectra disappear at around 2 GPa in the
previous report, they were present herein up to 3.1 GPa,
indicating better quality of samples and homogeneous
pressure in this work. At 3.1 GPa, 185/187νNQR suddenly
increases and the linewidth significantly broadens ow-
ing to entry into phase IV. With further increasing pres-
sure, the 185/187Re NQR spectra finally disappears. As
185/187Re-NMR spectra were not observed at 4.7 GPa,
it is not because of the decrease in νNQR but the signif-
icant broadening of NQR spectra. As mentioned above,
SC transition is still sharp at 4.7 GPa. Therefore, it is
possible that the broadening of NQR spectra is not due
to pressure inhomogeneity accompanied by the solidifi-
cation of the pressure medium, but rather to intrinsic
changes in the distribution of the electric field gradi-
ent at the Re nuclear sites. The structural phase transi-
tions on Cd2Re2O7 are characterized by a large change
in νNQR with a small change in structural parameters,
28)
and thus, a small distribution of the structural parame-
ters may cause the NQR signal to disappear.
As NQR spectra disappear above 3.9 GPa, we mea-
sured the temperature dependence of 1/T1T at the
187Re
site up to 3.1 GPa and down to 1.4 K as shown in
Fig. 5. Data at ambient pressure are also plotted for refer-
ence.13) At ambient pressure, 1/T1T was constant at the
normal state and a clear coherence peak was observed
just below Tc, strongly evidencing the conventional s-
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Fig. 4. (Color online) 185/187Re NQR spectra of ±3/2↔ ±5/2
transition at several pressure values in Cd2Re2O7. The measure-
ment temperature was just above Tc. The arrows represent 187Re
and 185Re NQR frequency νNQR. (inset)Pressure dependence of
185/187Re-νNQR. Data from a previous report are also plotted.
27)
Dashed lines are intended for visual guidance.
wave SC state. This feature does not vary under pres-
sure up to 2.2 GPa; however, the coherence peak becomes
smaller. The value of 1/T1T in the normal state under
pressure (1.5 GPa) is ∼ 64 % of that at ambient pressure
as shown in the inset of Fig. 5. Here, in the normal state,
1/T1T is usuallly proportional to the square of the elec-
tronic density of states (DOS), suggesting an decrease
in DOS to ∼ 80 %. The decrease in DOS against pres-
sure is inconsistent with the mass enhancement against
pressure deduced from the A coefficient of resistivity and
the initial slope of H2.
18) As 185/187Re-1/T1T reflects not
only the contribution from DOS but also orbital suscep-
tibility,28) it is possible that the orbital contribution de-
creases by applying pressure, owing to the suppression of
a structural order parameter. Note that we did not ob-
serve any significant enhancement in 1/T1T upon cool-
ing, which was reported in a previous report.27) Because
1/T1T varies across Tc in our measurements, the results
are deemed accurate, and indicate that the higher-Tc su-
perconductivity near the phase boundary is the bulk ef-
fect. In a previous report,27) they measured the temper-
ature dependence of 1/T1T only above Tc. The difference
in the results between our and the previous experiments
may be caused by the Joule-heating effect. The Joule-
heating effect becomes more significant in pressure cells,
and thus, small-energy RF pulses are necessary to obtain
accurate results.
In terms of the SC state, the coherence peak was ob-
served up to 2.2 GPa. In contrast, 1/T1T did not show a
coherence peak just below Tc at 3.1 GPa. Several reasons
are responsible for suppressing the coherence peak: the
existence of gap nodes, the sign change of gap, the spa-
tial distribution of gap size, and large SC gap. To clarify
the origin of the suppression of coherence peak, we an-
3
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Fig. 5. (Color online) Temperature dependence of 1/T1T at the
187Re site up to 3.1 GPa. Data at ambient pressure are also plot-
ted.13) To avoid overlapping data, the offset value is added. The
arrows indicate Tc determined via ac susceptibility measurements.
Calculations of 1/T1T using the single full-gap model with three
different parameters are shown with curves. The parameters are
displayed in the figure. (inset) Pressure dependence of 1/T1T at
2.5 K.
alyzed the experimental data. For simplicity, we assume
a single full-gap SC order parameter as observed in the
case of ambient pressure. In this model, the temperature
dependence of 1/T1T is expressed as
1
T1T
∝
∫ ∞
0
(Ns(E)
2 +M2s )f(E)[1 − f(E)]dE (1)
with
Ns(E)/N0 =
∫ E+δ
E−δ
E′√
E′2 −∆2 dE
′, and (2)
Ms(E)/N0 =
∫ E+δ
E−δ
∆√
E′2 −∆2 dE
′. (3)
Here, Ns(E),Ms(E), N0 ∆, δ, and f(E) are the quasi-
particle DOS, the anomalous DOS originating from the
coherence effect of Cooper pairs, the DOS in the normal
state, the magnitude of SC gap, smearing factor, and the
Fermi distribution function, respectively. The experimen-
tal results at 1.5 and 2.2 GPa can be reproduced using
∆/kBTc = 2.2 and δ/∆ = 0.35, as shown in Fig. 5. Here,
kB is the Boltzmann’s constant. The selected parame-
ters are not so different from those at ambient pressure
(∆/kBTc = 1.84 and δ/∆ = 0.10) and can be understood
by the variation against pressure. However, reproducing
the experimental results at 3.1 GPa with realistic param-
eters is difficult. An unrealistically huge SC gap and gap
distribution (∆/kBTc = 5.0 and δ/∆ = 0.95) are needed
to reproduce the temperature dependence of 1/T1T at
3.1 GPa. Alternatively, if we assume the absence of the
coherence factor [Ms(E) = 0], the experimental results
at 3.1 GPa can be reproduced by the proposed model
with ∆/kBTc = 3.0 and δ/∆ = 0.50, as shown in Fig. 5.
The larger SC gap is in good agreement with the large
Hc2, and the large smearing factor is consistent with the
broad SC transition, as shown in Fig. 2. The disappear-
ance of the anomalous DOS indicates the sign change of
the SC gap, which suggests the pressure-induced p-wave
dominant SC state. Therefore, we suggest that the SC
gap symmetry changes in phase-IV and it may be related
to the enhanced interaction of the spin-triplet channel;
however, currently, the experiment probing the pairing
symmetry has not been performed yet, determining the
SC gap symmetry is difficult. This change in SC sym-
metry is consistent with the theoretical phase diagram
proposed in Ref.21. Further investigation is required to
understand the unconventional SC state under pressure.
In conclusion, we performed ac susceptibility and
185/187Re NQR measurements to investigate the SC sym-
metry of Cd2Re2O7 under pressure. The pressure depen-
dence of Tc determined via ac susceptibility measure-
ments is consistent with the results of previous resistiv-
ity measurements.18) Our NQR results suggest that the
SC gap symmetry changes from conventional s-wave in
phase III to p-wave dominant state in phase IV with the
application of pressure. This is first evidence suggesting
the realization of unconventional SC state in Cd2Re2O7
under pressure from the microscopic point of view. Our
findings promote the further investigation of the proper-
ties of spin-triplet superconductivity near the quantum
critical point of the inversion symmetry breaking order.
Acknowledgments
The authors acknowledge S. Yonezawa, Y. Maeno and
M. Takigawa for fruitful discussions. This work was par-
tially supported by the Kyoto University LTM Cen-
ter and Grant-in-Aids for Scientific Research (KAK-
ENHI) (Grants No. JP15H05882, No. JP15H05884, No.
JP15H05745, No. JP17K14339, No. JP18H04323, No.
JP19K14657, and No. JP19H04696).
1) M. Sigrist, D. F. Agterberg, P. A. Frigeri, N. Hayashi, R. P.
Kaur, A. Koga, I. Milat, K. Wakabayashi, and Y.Yanase, J.
Magn. Magn. Mater. 310, 536 (2007).
2) R. P. Kaur, D. F. Agterberg, and M. Sigrist, Phys. Rev. Lett.
94, 137002 (2005).
3) E. Bauer, G. Hilscher, H. Michor, C. Paul, E. W. Scheidt,
A. Gribanov, Y. Seropegin, H. Noe¨l, M. Sigrist, and P. Rogl,
Phys. Rev. Lett. 92, 027003 (2004).
4) N. Kimura, K. Ito, K. Saitoh, Y. Umeda, H. Aoki, and
T. Terashima, Phys. Rev. Lett. 95, 247004 (2005).
5) R. Settai, K. Katayama, D. Aoki, I. Sheikin, G. Knebel,
J. Flouquet, and Y. Onuki, J. Phys. Soc. Jpn. 80, 094703
(2011).
6) T. Akazawa, H. Hidaka, T. Fujiwara, T. C. Kobayashi, E. Ya-
mamoto, Y. Haga, R. Settai, and Y. Onuki, J. Phys.:Cond.
Matt. 16, L29 (2004).
7) H. Q. Yuan, D. F. Agterberg, N. Hayashi, P. Badica, D. Van-
dervelde, K. Togano, M. Sigrist, and M. B. Salamon, Phys.
4
J. Phys. Soc. Jpn. LETTERS
Rev. Lett. 97, 077006 (2006).
8) M. Hanawa, Y. Muraoka, T. Tayama, T. Sakakibara, J. Ya-
maura, and Z. Hiroi, Phys. Rev. Lett. 87, 187001 (2001).
9) H. Sakai, K. Yoshimura, H. Ohno, H. Kato, S. Kambe, R. E.
Walstedt, T. D. Matsuda, Y. Haga, and Y. Onuki, J. Phys.:
Condens. Matt. 13, L785 (2001).
10) R. Jin, J. He, S. McCall, C. S. Alexander, F. Drymiotis, and
D. Mandrus, Phys. Rev. B 64, 180503(R) (2001).
11) Z. Hiroi, J.-i. Yamaura, T. C. Kobayashi, Y. Matsubayashi,
and D. Hirai, J. Phys. Soc. Jpn. 87, 024702 (2018).
12) Z. Hiroi and M. Hanawa, J. Phys. Chem. Solids 63, 1021
(2002).
13) O. Vyaselev, K. Arai, K. Kobayashi, J. Yamazaki, K. Kodama,
M. Takigawa, M. Hanawa, and Z. Hiroi, Phys. Rev. Lett. 89,
017001 (2002).
14) H. Sakai, Y. Tokunaga, S. Kambe, K. Kitagawa, H. Murakawa,
K. Ishida, H. Ohno, M. Kato, K. Yoshimura, and R. E. Wal-
stedt, J. Phys. Soc. Jpn. 73, 2940 (2004).
15) M. D. Lumsden, S. R.Dunsiger, J. E. Sonier, R. I.Miller, R. F.
Kiefl, R. Jin, J. He, D. Mandrus, S. T. Bramwell, and J. S.
Gardner, Phys. Rev. Lett. 89, 147002 (2002).
16) R. Kadono, W. Higemoto, A. Koda, Y. Kawasaki, M. Hanawa,
and Z. Hiroi, J. Phys. Soc. Jpn. 71, 709 (2002).
17) F. S.Razavi, Y. Rohanizadegan, M. Hajialamdari, M. Reedyk,
R. K. Kremer, and B. Mitrovic´, Can. J. Phys. 93, 1646 (2015).
18) T. C.Kobayashi, Y. Irie, J. ichi Yamaura, Z. Hiroi, and K. Mu-
rata, J. Phys. Soc. Jpn. 80, 023715 (2011).
19) J.-i. Yamaura, K. Takeda, Y. Ikeda, N. Hirao, Y. Ohishi, T. C.
Kobayashi, and Z. Hiroi, Phys. Rev. B 95, 020102(R) (2017).
20) L. Fu, Phys. Rev. Lett. 115, 026401 (2015).
21) V. Kozii and L. Fu, Phys. Rev. Lett. 115, 207002 (2015).
22) Y. Wang, G. Y. Cho, T. L. Hughes, and E. Fradkin, Phys.
Rev. B 93, 134512 (2016).
23) Y. Matsubayashi, D. Hirai, D. Nishio-Hamane, M. Tokunaga,
and Z. Hiroi, unpublished.
24) K. Kitagawa, H. Gotou, T. Yagi, A. Yamada, T. Matsumoto,
Y. Uwatoko, and M. Takigawa, J. Phys. Soc. Jpn. 79, 024001
(2010).
25) A. Eiling and J. S. Schilling, J. Phys. F: Met. Phys. 11, 623
(1981).
26) B. Bireckoven and J. Wittig, J. Phys. E: Sci. Instrum. 21, 841
(1988).
27) K. Fujiwara, K. Morimoto, E. Maeda, and S. Nishigori, J.
Phys.: Conf. Ser. 200, 012043 (2010).
28) K. Arai, K. Kobayashi, K. Kodama, O. Vyaselev, M. Taki-
gawa, M. Hanawa, and Z. Hiroi, J. Phys.:Condens. Matter 14,
L461 (2002).
5
